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CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims benefit under Title 35, United States Code §1 19(e) of United 
States Provisional Application No. 60/453,760 filed on March 10, 2003. 
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FIELD OF THE INVENTION 

The following invention relates to power generation systems such as Rankine cycle 
steam power generation systems which include boilers or other sources of high 
temperature, high pressure working fluid, turbines or other expanders to output power 
from the system, and optionally other equipment. More particularly, this invention 
relates to such power generation systems which beneficially maximize efficiency by 
providing a reheat heat exchanger having a high pressure path upstream from a first 
expander and a low pressure path downstream from the first expander. 
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BACKGROUND OF THE INVENTION 

Rankine cycle power generation systems, such as steam power plants, have long 
been in use as a source of electric power. A typical steam power plant includes a boiler 
which heats a pressurized working fluid (typically water) to a high temperature, and 
high pressure. The high temperature high pressure steam is then fed to a turbine where it 
is expanded to a lower pressure and where it is also reduced in temperature. The turbine 
outputs power from the power plant. Thereafter, the steam is typically condensed back 
to a liquid and then pumped to a higher pressure before being returned to the boiler. 

The amount of electric power outputted by the power plant is a function of the 
amount of heat energy put into the water at the boiler and a function of the overall 
efficiency of the power plant. Numerous techniques are utilized to enhance the 
efficiency of the power plant. In many power plants multiple turbines are provided with 
progressively lower inlet pressures and inlet temperatures so that all of the available 
energy in the working fluid can be extracted. In many such power plants reheaters are 
provided, typically in the form of additional boilers, which reheat the working fluid 
between the multiple turbines. 

Another efficiency enhancing technique involves increasing a temperature of the 
steam, particularly at the discharge from the boiler and the inlet to the turbine. When a 
temperature difference between the inlet of the highest pressure turbine and the 
discharge of the lowest pressure turbine is increased, the efficiency of the power 
generation system is increased. However, the constraints of different materials available 
for use within the boiler and within the turbine restrict the practical temperatures which 
can be achieved at the inlets to the turbine, hence limiting maximum attainable 
efficiency. 

While high temperatures (above 1050°F) do present some challenges in turbine 
design and operation, boiler maximum temperature limitations have been the primary 
impediment to increasing inlet temperatures for turbines within steam power plants. 
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Hence, while steam turbines having inlet temperatures higher than 1050°F (for example) 
might be relatively easily designed and manufactured, the relative difficulty in providing 
boilers that can provide steam at temperatures above 1050°F have made the 
development of such higher temperature turbines unimportant. 

Recently new methods for generating high temperature high pressure working fluids 
for Rankine cycle power generation have been introduced, making possible higher 
temperature steam, and potentially correspondingly higher efficiency within Rankine 
cycle power generation systems. Specifically, United States Patent Nos. 5,473,899; 
5,590,528; 5,680,764; 5,709,077; 5,715,673; 5,956,937; 5,970,702; 6,170,264; 6,206,684; 
6,247,316; 6,389,814; and 6,523,349, incorporated herein by reference, describe in detail 
a gas generator which combusts a fuel, typically a hydrocarbon fuel, but optionally 
hydrogen, syngas from coal or other sources, etc. with oxygen to produce a working 
fluid of steam and carbon dioxide. As the oxidizer is oxygen rather than air, 
temperatures of up to 3000°F are attainable, with temperatures of over 1500°F readily 
obtained in such gas generators. 

Disadvantageously, existing steam turbines of appropriate inlet pressures have been 
developed for lower temperatures than 1500°F. Hence, power generation systems 
utilizing such gas generators require additional water or other diluent to be added to the 
working fluid to drop the temperature from over 1500°F down to approximately 1050°F, 
so that no damage is done to the turbines. This dilution of the working fluid and 
reduction in temperature decreases the overall efficiency of the power generation 
system. 

With such power generation systems, providing reheaters between the high pressure 
turbine and lower pressure turbines increases the efficiency of such power generation 
systems somewhat. However, further increases in efficiency would still further enhance 
the attractiveness of such power generation systems. As such oxyfuel combustion 
based power generation systems produce products of combustion of substantially only 
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steam and carbon dioxide, such power generation systems hold tremendous promise in 
eliminating the air pollution typically generated by combustion based power generation 
systems. According, a need exists for ways to enhance the efficiency of such power 
generation systems without requiring turbines having inlet temperatures greater than 
those already exhibited by existing steam turbines, such as approximately 1050°F. 
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SUMMARY OF THE INVENTION 

This invention provides various power generation systems which uniquely benefit 
from including a reheat heat exchanger component therein. The reheat heat exchanger 
includes a high pressure path in heat transfer relationship with a low pressure path. The 
reheat heat exchanger thus utilizes excess heat within a high pressure working fluid of a 
power generation system to reheat the working fluid after it has been discharged from 
an expander, and before the working fluid has passed to a second expander or 
otherwise beneficially utilized at the lower pressure. 

The high pressure path extends between a high pressure inlet and a high pressure 
outlet. The low pressure path extends between a low pressure inlet and a low pressure 
outlet. Preferably, the reheat heat exchanger is configured to include a plurality of tubes 
extending between a pair of tube sheets with one of the tube sheets adjacent the high 
pressure inlet and the other of the tube sheets adjacent the high pressure outlet. The 
high pressure path thus passes within an interior of the tubes. The tubes are within a 
casing and preferably have a plurality of baffles extending substantially perpendicularly 
to the tubes and between the low pressure inlet and the low pressure outlet. The low 
pressure path thus passes adjacent exterior surfaces of the tubes and between the low 
pressure inlet and the low pressure outlet within the casing, with a length of the low 
pressure path extended by the positioning of the baffles. 

When a gas generator or other source of high temperature high pressure working 
fluid is provided which exceeds an inlet temperature for a high pressure turbine of the 
power generation system, the reheat heat exchanger is interposed between this source 
of high temperature high pressure working fluid and the high pressure turbine. The high 
pressure path is located between the source of working fluid and the high pressure 
turbine. Thus, a temperature of the working fluid is reduced to a maximum inlet 
temperature for the high pressure turbine. The working fluid is expanded within the 
high pressure turbine to a lower pressure. It is then routed through the low pressure 
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path of the reheat heat exchanger where the working fluid is reheated, preferably up to 
a temperature similar to a maximum inlet temperature for a second expander within the 
power generation system. 

In various different embodiments of this invention additional turbines can be 
provided, and combustion based reheaters can also be provided to both further expand 
the working fluid, increase a temperature of the working fluid, and otherwise handle the 
working fluid in a fashion which maximizes efficiency of the power generation system. 
Preferably, the fully expanded working fluid is passed to a condenser or other separator 
where the steam and carbon dioxide within the working fluid are at least partially 
separated. The carbon dioxide can then be sequestered from the atmosphere, if desired, 
such as by pressurization and injection into a subterranean formation, such as an at least 
partially depleted oil well, natural gas field, or a sequestration site such as a deep saline 
aquifer or other subterranean formation. 

The water separated from the working fluid within the condenser can be at least 
partially routed back to the gas generator with the water typically being repressurized 
by a feed water pump and preferably heated by at least one feed water heater before 
being routed to the gas generator upstream from the high pressure path of the reheat 
heat exchanger. Detailed analysis summarized herein illustrates that significant 
efficiency enhancement can be provided with the inclusion of the reheat heat exchanger 
within the power generation systems disclosed herein. 
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OBJECTS OF THE INVENTION 

Accordingly, a primary object of the present invention is to provide power 
generation systems which do not generate nitrogen oxides by combusting a 
hydrocarbon fuel with oxygen rather than air. 

Another object of the present invention is to provide power generation systems 
which are based on combustion of a hydrocarbon fuel and which discharge the carbon 
dioxide in a separate stream which can be beneficially used or sequestered without 
release into the atmosphere. 

Another object of the present invention is to provide zero emissions power 
generation systems which can use existing commonly available steam turbine 
technology while still attaining high thermal efficiencies. 

Xnother object of the present invention is to provide non-polluting combustion 
based power generation systems utilizing existing technology for relatively low cost 
new power plant installation and for retrofitting existing power plants. 

Another object of the present invention is to provide a reheat heat exchanger which 
can transfer heat from a high pressure path to a low pressure path of the same working 
fluid on either side of an expander within a power generation system to enhance an 
efficiency of the power generation system. 

Other further objects of the present invention will become apparent from a careful 
reading of the included drawing figures, the claims and detailed description of the 
invention. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a full sectional view of the reheat heat exchanger of this invention. 

Figure 2 is a schematic of a Rankine cycle power generation system featuring an 
oxygen and natural gas fired gas generator and without the reheat heat exchanger of 
this invention, as a baseline system for comparison purposes. 

Figure 3 is a schematic similar to that which is shown in Figure 2 but with the 
inclusion of a reheat heat exchanger between the gas generator and the high pressure 
turbine and the inclusion of a feed water heater for the recirculated water. 

Figure 4 is a schematic of a variation on the power generation system of Figure 2 
where a reheat combustor is utilized downstream from the high pressure turbine, rather 
than the reheat heat exchanger, and with the feed water heater, for comparison 
purposes. 

Figure 5 is a schematic of a power generation system including both a reheat 
combustor downstream from the high pressure turbine and a reheat heat exchanger 
between the reheat combustor and the intermediate pressure turbine, and also including 
a feed water heater. 

Figure 6 is a schematic of a power generation system similar to that which is shown 
in Figure 5 but additionally including a second feed water heater for maximum efficiency 
attainment without exceeding turbine inlet temperatures of 1050°F. 

Figure 7 is a table illustrating various different performance parameters for the power 
generation systems of Figures 2-6. 
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DESCRIPTION OF THE PREFERRED EMBODIMENT 

Referring to the drawings, wherein like reference numerals represent like parts 
throughout the various drawing figures, reference numeral 10 (Figure 1) is directed to a 
reheat heat exchanger for use within a combustion based power generation system, such 
as those depicted in Figures 2-6 for enhancement of thermal efficiency of such power 
generation systems. The reheat heat exchanger 10 is particularly suited for both 
decreasing a temperature of a working fluid before entering a high pressure turbine and 
for increasing a temperature of the working fluid after it has discharged from the high 
pressure turbine and before being passed on to a lower pressure turbine. In this way, a 
single gas generator producing the working fluid at a temperature higher than maximum 
inlet temperatures for the turbines can be effectively utilized to achieve the maximum 
temperature for the inlets of both the high temperature turbine and a lower pressure 
turbine, without requiring, for instance, a combustion reheater, and still achieving 
relatively high thermal efficiencies. 

In essence, and with particular reference to Figure 1, basic features of the reheat heat 
exchanger 10 are described. The reheat heat exchanger 10 is preferably in the general 
form of a tube and shell heat exchanger. A high pressure inlet 20 is spaced from a high 
pressure outlet 30 by a pair of tube sheets 40 and with a plurality of tubes 50 extending 
between the tube sheets 40. A low pressure inlet 60 is spaced from a low pressure outlet 
70. A series of baffles 80 are provided between the low pressure inlet 60 and the low 
pressure outlet 70 so that an appropriate distance can be provided for the low pressure 
path between the low pressure inlet 60 and the low pressure outlet 70. 

The low pressure path is adjacent exterior surfaces of the tubes 50 while a high 
pressure path is provided within an interior of the tubes 50. The low pressure path is 
additionally housed within a casing 90 within which the tubes 50 are located and with 
the baffles 80 defining the path for the low pressure working fluid between the low 
pressure inlet 60 and the low pressure outlet 70. 
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More particularly, and with further reference to Figure 1, particular details of the 
reheat heat exchanger are described. The reheat heat exchanger 10 is preferably formed 
of materials which can handle the temperatures specified for the reheat heat exchanger 
and which can handle any corrosion accompanying a working fluid of approximately 
ninety percent steam and ten percent carbon dioxide by volume, and with perhaps up to 
one percent oxygen. One material capable of operation within such an environment is 
Inconel 617. 

While the reheat heat exchanger 10 is preferably in the form of a tube and shell heat 
exchanger, it could alternatively have any desired form of heat exchanger configuration, 
provided that it can achieve the temperature change and transfer characteristics required 
between the low pressure path and the high pressure path within the reheat heat 
exchanger 10. 

Particularly, the high pressure path is most preferably between 1580 psi at the high 
pressure inlet 20 and 1500 psi at the high pressure outlet 30. The high pressure path 
drops in temperature from 1550°F at the high pressure inlet 20 to 1050°F at the high 
pressure outlet 30. A flow rate of eighteen pounds per second is preferred for the high 
pressure path between the high pressure inlet 20 and the high pressure outlet 30. 

This high pressure path preferably includes a pair of tube sheets 40 with 100 tubes 
extending therebetween and with each tube having a 1.00 inch outer diameter and a 
0.44 inch inner diameter. The tubes 50 are preferably approximately fourteen feet long 
and the casing 90 is approximately twenty-six inches in diameter. 

A sufficient number of baffles 80 are preferably provided in an alternating pattern so 
that a length of the low pressure path is sufficient to achieve the temperature rise 
required for the working fluid along the low pressure path. Particularly, at the low 
pressure inlet the working fluid is preferably 168 psi and 573°F. At the low pressure 
outlet, the working fluid is preferably 160 psi and 1050°F. 
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If the second turbine or other expander, also referred to as the intermediate pressure 
turbine, can handle a higher temperature than the high pressure turbine, the reheat heat 
exchanger could be configured so that the temperature at the low pressure outlet 70 
could be higher than 1050°F, and conceptually up to as high as 1550°F. The low 
pressure path preferably has a flow rate of eighteen pounds per second. 

The various temperature, pressure and flow rate parameters for the reheat heat 
exchanger 10 are selected for use within the power generation system shown in Figure 3 
(discussed in detail below). These temperatures, pressures and flow rates could be 
appropriately modified in either an upward or downward direction depending on the 
particular needs of any modified power generation system. 

With particular reference to Figures 2-6, details of various different power generation 
systems within which the reheat heat exchanger of this invention could beneficially be 
utilized, are described in detail. In Figure 2 a Rankine cycle power generation system is 
disclosed which utilizes a gas generator only, and with no reheat heat exchanger, no 
combustion based reheater, and no feed water heaters. This power generation system of 
Figure 2 acts as a baseline for comparison to later described power generation systems of 
Figures 3-6. 

Adjacent various locations within the power generation system the parameters of the 
working fluid are provided numerically. Specifically, the upper number represents the 
pressure of the working fluid in pounds per square inch, the middle number represents 
the temperature of the working fluid in degrees Fahrenheit, and the lower number 
represents the weight flow for the working fluid in pounds per second. Also, for each 
component the power generated or required is identified. Various parameters including 
efficiency and the amount of carbon dioxide produced and the size of liquid oxygen 
plant (or gaseous oxygen plant) required to oxidize fuel in the gas generator are 
provided for informational purposes. Arrows are provided to indicate the direction of 
working fluid flow. 
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With the schematic of Figure 2 (and the other figures) the expanders are particularly 
identified as turbines. However, the expanders could similarly be piston and cylinder 
type expanders, axial flow turbines, centrifugal turbines, or any other form of expander 
either currently known or developed in the future. 

The power generation systems of Figures 2-6 each show a high pressure (HP) 
turbine, an intermediate pressure turbine (IP) and a low pressure turbine (LP). However, 
the basic system of this invention could conceivably be operated with as little as only 
one turbine or other expander. Most typically, at least two turbines or other expanders 
would be provided to maximize the benefits associated with the reheat heat exchanger 
of this invention. 

Each of the turbines, or other expanders, are shown in Figures 2-6 as being 
positioned upon a common shaft coupled to a generator. However, such an 
arrangement linking the turbines together mechanically is not strictly required. Rather, 
each of the turbines could drive their own generator, or could otherwise be utilized 
separately or coupled together in a manner other than along a common shaft to drive 
various different portions of the power generation system. For instance, one of the 
turbines could be sized to power the feed water pump or to provide power to the liquid 
oxygen plant or to provide power to compress the carbon dioxide if it is required that it 
be pressurized for injection into a subterranean formation. 

Also, the power generation systems of Figures 2-6 are shown as closed Rankine 
cycle power generation systems with a portion of the water exiting the condenser being 
pressurized and recirculated to the gas generator. Such a closed cycle arrangement is 
not strictly required, but the cycles could instead be "open." Similarly, while Figures 2- 
6 each show C02 processing and a disposal site, the carbon dioxide could be exhausted 
to the environment when deemed acceptable, or could be otherwise utilized as part of 
other manufacturing processes which utilize carbon dioxide. 
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Note that the power generation system of Figure 2 has a thermal efficiency of forty 
percent when taking into account the power required for separation of oxygen from air 
but without taking into account the power required to sequester the carbon dioxide 
within a subterranean formation at a pressure of 5000 pounds per square inch. When 
the power required for both oxygen separation from the air and carbon dioxide 
pressurization for sequestration is taken into account, a thermal efficiency of thirty-two 
percent is achieved. These efficiency numbers act as a baseline for comparison with 
other power generation systems of Figures 3-6 discussed in detail below. 

With particular reference to Figure 3, a Rankine cycle power generation system is 
described with an oxyfuel combustion gas generator and featuring a reheat heat 
exchanger between the gas generator and the high pressure turbine. This power 
generation system of Figure 3 is similar to the power generation system of Figure 2 
except where particularly identified below. This power generation system of Figure 3 
includes a reheat heat exchanger between the gas generator and the high pressure 
turbine. 

Particularly, the reheat heat exchanger has its high pressure inlet positioned to 
receive the high pressure high temperature working fluid including steam and carbon 
dioxide from the gas generator. The high pressure working fluid is decreased in 
temperature within the reheat heat exchanger until it is discharged at the high pressure 
outlet at a temperature preferably substantially matching the maximum inlet temperature 
for the high pressure turbine. 

The working fluid is then expanded to a lower pressure and attains a corresponding 
lower temperature. Next, the working fluid is routed to the low pressure inlet of the 
reheat heat exchanger, where it is reheated before reaching the low pressure outlet at a 
temperature of 1050°F. This working fluid is then passed to the intermediate pressure 
turbine where further power is extracted from the working fluid. 
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This power generation system of Figure 3 additionally includes a feed water heater 
along the recirculation line delivering water from the condenser back to the gas 
generator. This feed water heater acts to increase a temperature of the water from 126°F 
to 200°F so that the water has been heated and optionally turned at least partially to 
steam before being delivered to the gas generator before mixing with the products of 
combustion of the oxygen with the hydrocarbon fuel within the gas generator. 

Note that utilization of the reheat heat exchanger as shown in the power generation 
system of Figure 3 significantly increases an amount of power generated by the 
intermediate pressure turbine. Also, an amount of power generated by the low pressure 
turbine is also increased. An amount of power generated by the high pressure turbine is 
only slightly decreased. Hence, with the same input power, the net power output is 
increased so that efficiencies of forty-four percent without C02 sequestration and 
thirty-six percent with C02 sequestration are provided. Both of these efficiencies take 
into account the power required to separate the oxygen from the air and keep inlet 
temperatures of all turbines, or other expanders, at or below 1050°F. 

With particular reference to Figure 4, a further power generation system is provided 
for comparison. In this power generation system, the reheat heat exchanger has been 
removed, but the feed water heater has been kept. Also, a reheat combustor has been 
provided between the high pressure turbine and the intermediate pressure turbine. Thus, 
in many ways the reheat heat exchanger has merely been replaced with the reheat 
combustor. The reheat combustor receives oxygen and methane (or natural gas) along 
with the mixture of steam and carbon dioxide discharged from the high pressure turbine. 
The reheat combustor combusts the fuel with the oxygen to increase both a temperature 
and mass flow rate of the working fluid downstream from the reheat combustor before 
being delivered to the intermediate pressure turbine. 

While this power generation system of Figure 4 produces additional power compared 
to the power generation system of Figure 3, it also requires additional fuel and oxygen 
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within the reheat combustor, in contrast with the power generation of Figure 3 teaching 
the reheat heat exchanger. The net result is efficiencies of this power generation system 
of Figure 4 of between forty-two percent without C02 sequestration and thirty-four 
percent with C02 sequestration, provided that the power required for oxygen 
separation is taken into account. A comparison of the power generation systems of 
Figure 3 and Figure 4 illustrates that utilization of a reheat heat exchanger provides an 
efficiency benefit over utilization of a reheat combustor, at least in the power generation 
systems particularly depicted in Figures 3 and 4. 

Figure 5 depicts a further power generation system which utilizes both a reheat 
combustor and a reheat heat exchanger within the same cycle. This power generation 
system of Figure 5 also still includes the feed water heater similar to that depicted in 
Figures 3 and 4. In the power generation system of Figure 5 the reheat heat exchanger 
is interposed between the reheat combustor and the intermediate pressure turbine, rather 
than between the gas generator and the high pressure turbine. This arrangement is one 
of many conceivable arrangements for reheat combustors and reheat heat exchangers 
between the various components. 

In this embodiment of Figure 5 the reheat combustor would typically produce a high 
temperature high pressure working fluid of steam and carbon dioxide which would have 
a temperature of approximately 1550°F and a pressure of approximately 168 pounds per 
square inch, similar to the parameters preferred for the reheat heat exchanger. This 
power generation system exhibits a higher efficiency than the power generation systems 
of Figures 2, 3 and 4 when no C02 sequestration is required. However, if C02 
sequestration is required, efficiency of thirty-five percent is slightly less than that of the 
power generation system of Figure 3, featuring a reheat heat exchanger and no reheat 
combustor. 

The power generation system of Figure 6 is similar to the power generation system of 
Figure 5 except that a second feed water heater is provided between the reheat 
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combustor and the reheat heat exchanger for further heating of the water passed from 
the condenser back to the gas generator upstream of the high pressure turbine. 

With regard to Figure 6, it is understood that the second feed water heater and/or the 
reheater could conceivably be increased in size sufficiently to eliminate the need for the 
gas generator. Specifically, with such a variation the reheat combustor would generate 
sufficient heat for the overall power plant that a significant portion of this heat could be 
transferred through the feed water heater to the steam exiting the feed water pump from 
the condenser. This steam would be heated in the feed water heater to a temperature 
desired for operation of the high pressure turbine. Also, the feed water pump would 
provide sufficient pressure, along with pressure associated with conversion of the water 
from liquid to steam, such that the desired pressure (i.e. 1500 psi in the example of Figure 
6) at the inlet of the high pressure turbine would be achieved without requiring the gas 
generator. The high pressure turbine would thus expand pure steam, rather than a 
mixture of steam and carbon dioxide. The reheater downstream of the high pressure 
turbine would thus enter the fuel (natural gas in this example) and oxygen to generate a 
mixture of steam and carbon dioxide for further passage through the intermediate 
pressure turbine and low pressure turbine. While such a system would eliminate the gas 
generator, the reheater would itself become a gas generator similar to those described in 
the above listed patents incorporated herein by reference. 

The power generation system of Figure 6, while exhibiting some additional 
complexity in that it includes both the reheat combustor and the reheat heat exchanger, 
and two feed water heaters, exhibits the highest efficiency both without C02 
sequestration and with C02 sequestration. 

Figure 7 provides a table which compares the various different performance 
parameters of the power generation systems depicted in Figures 2-6. These various 
performance parameters are each achieved without having any turbines with inlet 
temperatures greater than 1050°F. Optimally, turbines would be utilized which can 
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receive higher temperature working fluids at their inlets. For instance, aeroderivative 
turbines and other air/gas turbines utilized in modern combined cycle gas turbine power 
generation systems have inlet temperatures at or exceeding 2600°F, particularly when 
cooled turbine blades are employed. With such additional temperatures at the inlets of 
any or all of the turbines of such power generation systems, further efficiency gains can 
be attained. Reheat heat exchangers could similarly be utilized in such systems, but 
would require suitable materials for heat exchangers operating at such high 
temperatures. 

The power plant schematics illustrated herein are particularly adapted to use state of 
the art, relatively low temperature, steam turbines. Some elevated temperature steam 
turbines have been developed, are in development, or may be developed in the future, 
which would be integratable into systems such as those disclosed herein. Hence, the 
relatively low temperatures illustrated in Figures 2-6 and 8 need not necessarily be 
considered maximum temperatures for systems such as those disclosed herein. 

This disclosure is provided to reveal a preferred embodiment of the invention and a 
best mode for practicing the invention. Having thus described the invention in this way, 
it should be apparent that various different modifications can be made to the preferred 
embodiment without departing from the scope and spirit of this disclosure. When 
structures are identified as a means to perform a function, the identification is intended to 
include all structures which can perform the function specified when elements are 
identified as upstream or downstream of other elements, such positioning can be directly 
adjacent or with other elements therebetween, unless otherwise explicitly specified. 
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